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Abstract—We have studied the optical properties of two-dimensional (2D) Schottky photodiode 
heterojunctions made of chemical vapor deposited (CVD) graphene on n- and p-type Silicon (Si) 
substrates. Much better rectification behavior is observed from the diodes fabricated on n- Si 
substrates in comparison with the devices on p-Si substrates in dark condition. Also, graphene – n-Si 
photodiodes show a considerable responsivity of 270 mAW-1 within the silicon spectral range in DC 
reverse bias condition. The present results are furthermore compared with that of a molybdenum 
disulfide (MoS2) – p-type silicon photodiodes. 
Keywords — graphene; molybdenum disulfide; Schottky barrier diode; photodiode; sensitivity; 
responsivity; spectral response. 
I.  INTRODUCTION  
A broad spectral range of detection is important for many photonic applications such as imaging, sensing, 
night-vision, motion detection, communication and spectroscopy [1], [2]. Recently, graphene has attracted 
significant scientific attention for ultra-broadband optoelectronic applications since it offers numerous 
advantages compared to the other commercially available photosensitive materials. First of all, graphene is 
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able to absorb 2.3 % of the incident light despite being only one atom (0.34 nm) thick [3]. Such an absorption 
is observed in 20 nm thick silicon (Si) and 5 nm thick Gallium-Arsenide (GaAs), the two most commonly 
used materials in optoelectronic applications [4]. Regardless of its impressive light absorption, single layer 
graphene is still far below the requirements of optical applications. Furthermore, graphene exhibits a very 
broad spectral range of detection from ultraviolet to terahertz, and quasi wavelength independent absorption, 
which is a consequence of its gapless and linear dispersion relation [3], [5]. In addition, graphene shows an 
extremely high charge carrier mobility which enables ultrafast photodetection [6],[7],[8]. Moreover, 
compatibility of graphene as a material with the well-established Si process line makes it a promising 
candidate for large-scale and cost-effective technological applications [9], [10]. Over the past few years, there 
have been numerous studies on both, photovoltaic and photo-thermoelectric effects in graphene devices [6], 
[7], [11]–[17]. Besides, complex architectures including asymmetric metal electrodes [7], plasmonic 
nanostructure [18], [19] and microcavities [20], [21]  have been used in the earlier studies in order to enhance 
the device photocurrent. Nevertheless, responsivity above 21 mAW-1 could not be achieved. The low 
responsivities are attributed to the weak total optical absorption of a single layer of graphene. It should be 
noted that most of the mentioned studies were focused on mechanically exfoliated graphene devices, which 
are not suitable for large-scale device integration. 
Molybdenum-disulfide (MoS2), a layered transition metal dichalcogenide (TMD), is an important member 
in the family of two-dimensional (2D) materials. In contrast to graphene, MoS2 is a semiconductor and its 
bandgap varies depending on the number of the layers. Therefore, MoS2 has the possibility to detect light at 
different wavelengths. Monolayer MoS2 has a direct bandgap of ~1.8 eV, while bulk MoS2 has an indirect 
bandgap of ~1.3 eV [22]. In addition, MoS2 has high transparency and mechanical flexibility and it is easy to 
process [23].  All of these exceptional properties make MoS2 another promising material for electronic and 
optoelectronic applications.  
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In this work, we report on CVD graphene-based Schottky barrier photodiodes of simple architecture 
,which are also scalable, reproducible and of low-cost. To fabricate the diodes, we have adopted a similar 
process as in [24], [25], where large area CVD-grown graphene films were transferred onto pre-patterned n- 
and p-type Si-substrates. Afterwards, we performed electrical and optical characterizations on the 
photodiodes. The optical data obtained from the measurements are further compared to that of MoS2 – p-type 
silicon photodiodes, which have been presented in detail in our previous work [26]. 
II. EXPERIMENT 
A. Device Fabrication 
Lightly doped p- and n-type Si <100> wafers with a thermally grown silicon dioxide (SiO2) layer of 
85 nm were used as starting substrates. The p-Si wafer was boron doped with a doping concentration of 
3×1015 cm-3 and the n-Si wafer was phosphorus doped with a doping concentration of 2×1015 cm-3. These 
wafers were diced into 13×13 mm2 square samples for device fabrication. Eight photodiodes were fabricated 
on each sample. After a first standard UV-photolithography step, the oxide was partially etched with buffered 
oxide etchant (BOE) for 90 seconds to expose the silicon. The contact metal electrodes were defined by a 
second photolithography step followed by sputtering of 20 nm chromium (Cr) and 80 nm gold (Au) and lift-
off process. The electrodes were deposited immediately after the native oxide removal in order to form good 
ohmic contacts. Large-area graphene was grown on a copper foil in a NanoCVD (Moorfield, UK) rapid 
thermal processing tool by the CVD method. To transfer graphene films onto pre-patterned substrates, 
~1 cm2 pieces of graphene coated Cu foil were spin-coated with polycarbonate (PC) (Bisphenol A) and baked 
on a hot plate at 85 oC for 5 minutes. Electrochemical delamination (bubble transfer method) was performed 
to remove the polymer-supported graphene films from the copper surface (see details in [27]). Prior to 
graphene transfer, the native silicon oxide on silicon substrates was removed by BOE, ensuring good 
electrical contact between graphene and Si substrate. Then, the graphene films were transferred on top of the 
pre-patterned substrates, ensuring that they cover the electrodes. Afterwards, the devices were thoroughly 
4 
 
immersed into chloroform overnight, followed by cleaning them with acetone, isopropanol and DI water and 
drying. Finally, a last photolithography step was performed followed by oxygen plasma etching of graphene 
to define graphene junction areas ranging from 0.64 mm2 to 1.6 mm2. The different fabrication steps are 
shown in Fig. 1. 
 
Figure 1: Fabrication process of graphene photodiodes. Step 1: BOE etching SiO2. Step 2: Sputtering of 
electrodes after native oxide etching. Step 3: Polymer-supported graphene transfer. Step 4: Polymer 
removing in chloroform followed by photolithography and graphene oxygen plasma etching. 
 
B. Electrical Characterization 
 Electrical measurements on the diodes were performed on a Karl Süss probe station connected to a 
Keithley semiconductor analyzer (SCS4200) under ambient conditions. The voltage for all devices was swept 
from 0 to +2 V for forward and from 0 to -2 V for reverse biasing. A white light source (50 W halogen lamp) 
with a dimmer to control the light intensity was used to measure the photoconductivity of the diodes. The 
variable incident light intensity has been modulated between 0 and 3 mWcm-2. A CA 2 laboratory thermopile 
was used to measure the intensity of the light source.   
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C. Optical Characterization 
 The spectral response (SR) of the photodetectors was measured by comparing it to calibrated reference 
detectors using a lock-in technique. A tungsten-halogen and deuterium-arc lamp (wavelength ranging 
between 200 nm and 2200 nm) were used to generate light. Specific wavelengths were selected by a 
monochromator. The light power density varied from 1 µWcm-2 at a wavelength of 200 nm up to 55 µWcm-2 
at a wavelength of 1150 nm. A chopper with a frequency of 17 Hz was used to modulate the intensity of the 
light beam. Calibrated Si and Indium-Gallium Arsenide (InGaAs) diodes were measured as reference. The 
photocurrents were recorded through pre-amplifiers (FEMTO) and lock-in amplifiers at 17 Hz chopper 
frequency for detection of ultra-low currents down to 10 pA. The measurement principle allows to establish a 
wavelength dependent correction factor for the responsivity calculation which takes into account variations of 
the preamplifiers, varying photo flux densities caused by the monochromator as well as the area difference 
between the reference detector and the sample.  
III. RESULTS AND DISCUSSION 
 In order to fabricate graphene photodiodes, graphene films of ~ 1 cm2 area were transferred on to pre-
patterned p- and n-Si substrates, as described in the experimental part. Fig. 2 shows a schematic and a 
scanning electron micrograph of a graphene – Si device. One end of the structured graphene film is in contact 
with an Au pad on SiO2 forming an ohmic contact. The other end is in contact only with the Si substrate 
where it forms a p-n junction. The metal pads, SiO2, and graphene are shown in yellow, purple and blue, 
respectively.  
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Figure 2: (a) Schematic and (b) scanning electron micrograph of a graphene photodiode. The SEM image is 
color enhanced to show the exact position of the graphene film, SiO2, and metal electrodes. 
 
 The current density-voltage (J-V) characteristics of both, n- and p-Si – graphene devices, are shown in 
Fig. 3a and b, respectively. The graphs show measurements on four different chips and each color represents 
one chip; black, red, green and blue for chip number 1, 2, 3 and 4, respectively. For each chip, several diodes 
have been measured. Although these results represent devices on four different chips, devices of the same 
type show similar characteristics and data reproducibility. The fabricated devices on n-Si substrates exhibit a 
clear rectifying behavior while the devices fabricated on p-Si substrates show non-rectifying behavior. This 
behavior is attributed to ambient p-type doping of the graphene caused by air and humidity molecules, 
leading to a p-n junction on n-Si and a p-p heterojunction on p-Si [28], [29].  
 Henceforth, further measurements in this work were performed on the graphene – n-Si diodes. The 
forward J-V characteristic of the diode can be described by the single-exponential Shockley equation [30] 
allowing the extraction of the ideality factor and the Schottky barrier height (SBH). The ideality factor, the 
Schottky barrier height (SBH) and the series resistance of 1.52 ± 0.1, 0.65 ± 0.08 eV and 7.5 ± 0.7 kΩ, 
respectively, were extracted for the diodes in Fig. 3a. The extraction method is described in detail in [31]. 
The corresponding energy band diagrams for graphene – n-Si and p-Si diodes at zero bias voltage in the dark 
is shown in Fig. 3c and 3d, respectively. 
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Figure 3: (a) Current density-voltage (J-V) characteristics of the graphene – n-Si photodiodes and (b) 
graphene – p-Si junctions. Measurements were performed on four different chip and their plots are shown in 
black, red, green and blue for chip number 1, 2, 3 and 4, respectively. There are eight diodes per chip and 
each trace belongs to different diode. Schematic band diagram of (c) the graphene – n-Si interface (d) and 
the graphene – p-Si interface at zero bias voltage. EC, EV, EF, Eg, WG , χSi and Φb indicate conduction band, 
valence band, Fermi level, bandgap, graphene work function, Si electron affinity and Schottky barrier 
height, respectively.  
  
The photoconductivity of the graphene – n-Si diodes has been further investigated under white-light 
illumination conditions. Fig. 4a and 4b show the J-V plots of one representative diode in the dark and under 
illumination in the linear and semi-logarithmic scale. The diode is in the off-state under reverse bias in the 
dark and exhibits low dark current density of 13.4 µAcm-2, while under illumination it displays a noticeable 
photocurrent density of 4.5 mAcm-2. Thus, about three orders of magnitude change in current density 
between dark and illuminated conditions in the reverse bias and a minor variation under forward bias is 
obtained. Furthermore, the device shows a high sensitivity to variation of light intensity, as shown in Fig. 4c. 
An increase in light intensity from zero to maximum, results in increasing current density from 13.4 µAcm-2 
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to 4.5 mAcm-2. The linear dynamic range of the photodetector was also measured from dark to full light 
intensity to be 3.7 mWcm-2 at a reverse dc bias of 2 V. As shown in Fig. 4d, the generated photo current 
density shows a nearly linear increase with the incident light intensity changing from 0 mWcm-2 (dark) to 
3.7 mWcm-2, corresponding to a linear dynamic range of 43 dB. This low linear dynamic range is attributed 
to a very high dark current of graphene-based photodetectors due to graphene’s gapless nature. A cross-
section of a graphene – n-Si diode and the corresponding energy band diagram in the reverse bias under 
illumination is shown in Fig. 5. When the graphene – n-Si substrate junction is illuminated, the incident 
photons generate electron-hole pairs in the n-Si and in the graphene. By applying a reverse bias, the photo-
generated holes in Si are accelerated into graphene, leading to a significant photocurrent [32].  
 
Figure 4: J-V plot of the graphene – n-Si diode on (a) linear and (b) semi-logarithmic scale in the dark and 
under illumination. (c) J-V plot of the graphene – n-Si diode on the semi-logarithmic scale under various 
light intensities of 0.6, 2.4, 3.4 and 3.7 mWcm-2, compared to the dark state. (d) Photocurrent density of the 
device with varying light intensity at reverse bias voltage of 2 V.  
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Figure 5: (a) Cross-section of the graphene – n-Si heterojunction diode and (b) its band diagram in reverse 
biased condition under illumination. 
 The absolute SR was measured using an automated lock-in technique by a LabVIEW controlled set-
up. The SR of seven different graphene – n-Si diodes at applied reverse bias voltages of 2 V are plotted in 
Fig. 6a. All the diodes exhibit a broad SR ranging from ultraviolet (UV) to near infrared (NIR), showing a 
nearly identical behavior. From Fig. 6a, the position of the maximum responsivity is extracted to be between 
195 mAW-1 and 270 mAW-1 at approximately eV 1.33 eV (930 nm). The obtained maximum responsivity of 
270 mAW-1 is slightly less than that reported by An et al. which was around 300 mAW-1 at 720 nm [32]. This 
minor difference, which is less than the variation of the responsivity observed in our case, may be attributed 
to an inhomogeneous coverage of the transferred graphene due to holes and tears resulting from the graphene 
transfer. In addition, polymer residue in some parts of the graphene films may also contribute to variability. 
We therefore believe that this observed variation can be reduced by improving the graphene transfer process. 
Another possible reason for the different performance in terms of responsivity values between the presented 
data and the data reported in [32] may be due to different geometries of contact electrodes. Larger contact 
electrodes with a vertical configuration in [32] result in an increased external electrical field. Therefore, more 
photo-generated electron-hole pairs may be captured before recombining and consequently, the overall 
responsivity is higher. The main photoexcitation resides in the Si, and therefore one expects to see SR similar 
behavior as in silicon pn-diodes. We have indeed observed a peak at 930 nm, which is close to the Si 
absorption peak. We also achieved a broader operational bandwidth  (in the Si operating wavelength region) 
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with a single layer graphene – n-Si diode, while in the previous publication [32] similar results require 3 
layers of graphene. This may be due to the different p doping levels in the graphene samples as a result of 
different laboratory conditions. Graphene p doping is expected to increase its sheet conductance, which has 
been previously used to enhance the performance of graphene – Si Solar cells [33]. SR measurements over a 
broader spectrum at various applied reverse bias voltages were done on the same graphene – n-Si diode, for 
which the data is plotted in Fig. 4. The SR measurement plot shows an increase of the SR with the applied 
reverse bias due to the increment of the electrical field (Fig. 6b). In this wide range from 360 nm to 2000 nm, 
the responsivity varies by several orders of magnitude, between 0.18 mAW-1 and 230 mAW-1 at a reverse dc 
bias of 2 V. The observed peak at approximately 1.33 eV (930 nm) is due to absorption in the underlying n-
type silicon. In fact, the diodes exhibit a SR similar to silicon p-n diodes, even though one doped region has 
been replaced by monolayer graphene. Its responsivity is about 50% of that of the commercial calibrated 
reference diode. Below the cutoff frequency of Si, i.e. for energies below the silicon bandgap, where there is 
no contribution from the underlying n-type Si, we observed a low and flat optical response over a broad 
spectrum as a result of absorption in the graphene layer. The responsivity drops to less than 0.2 mAW-1. In 
graphene, electron-electron scattering can lead to photo-assisted carrier multiplication, increasing the number 
of electrons that might contribute to a photocurrent before recombination occurs [34]. Nevertheless, the 
absolute number of optically excited carriers in the graphene that contribute to the photocurrent is much less 
than in the Si, and therefore the low responsivity in this range is in line with light absorption of up to 2.3 % 
for single layer graphene [3]. These results demonstrate that graphene not only acts as a carrier collector, as 
reported previously, but also as an absorber.  
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Figure 6: Absolute spectral response (Abs. SR) vs. wavelength (lower x-axis) and energy (upper x-axis) of 
(a) different graphene - n-Si photodiodes at a reverse bias of 2 V. Measurements were done on two different 
chips and their plots are shown in black and red for chip number 1 and 2, respectively, (b) a graphene - n-Si 
photodiode for wavelengths ranging from 360 nm (3.44 eV) to 1200 nm (1.03 eV), the inset shows zoom-in 
from 1200 nm (1.03 eV) to 2100 nm (5.9 eV) and (c) an MoS2 - p-Si photodiode at zero bias and reverse 
biases of 1 V and 2 V. 
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 Finally, the SR of the graphene – n-Si diodes is compared with previously reported CVD MoS2 – p-Si 
photodiodes [26]. In contrast to the gapless graphene, molybdenum disulfide (MoS2) is an n-type two-
dimensional semiconductor material. An MoS2 – p-Si diode therefore displays a different spectral response, 
which is limited by the bandgap of MoS2. The SR plot of the multilayer MoS2 – p-Si diode is shown in 
Fig. 6c (adapted from [26]). Responsivities between 1.4 mAW-1 and 8.6 mAW-1 at a reverse DC bias of 2 V 
are achieved in the range from 400 nm to 1200 nm. The absorption peak at approximately 1.1 eV (1127 nm) 
is related to the underlying p-type Si substrate. Three additional absorption peaks reveal the band structure of 
multilayer MoS2 with an indirect band transition of ~1.43 eV (867 nm) and two direct band transitions 
located at ~2.15 eV (576 nm) and ~2.48 eV (500 nm). We observe a blue-shift of 0.13 eV for the indirect 
transition and 0.4 eV for the two direct band transitions compared to literature data (i.e. 1.3 eV for the 
indirect band transition; 1.8 eV and 2.0 eV for the direct band transitions [22], [35], [36]) on exfoliated MoS2 
devices. The observed blue shift is attributed to a lattice compression of CVD MoS2 based on experimental 
and theoretical evidence as described in detail in [26]. A reported maximum responsivity of 8.6 mAW-1 in 
[26] is due to the absorption in multilayer MoS2. This value is less than the overall responsivity value 
obtained in the graphene – n-Si diodes (mainly resulting from Si), but it is more than the absorption exhibited 
by monolayer graphene. 
IV. CONCLUSIONS 
 Graphene based Schottky barrier photodiodes were fabricated using a simple, scalable and reproducible 
technology. We observed that diodes fabricated on an n-Si substrate exhibit a rectifying behavior, whereas 
the devices fabricated on a p-type Si substrate act as photoresistors. This behavior can be attributed to p-type 
graphene-doping due to its exposure to the ambient atmosphere leading to a higher Schottky barrier to the n-
type silicon. Graphene – n-Si diodes exhibit a broad SR with responsivity up to 270 mAW-1. Nevertheless, 
the main photoexcitation takes place in the n-type Si substrate due to low optical absorption by single layer 
graphene. Unlike in graphene-based diodes, the SR is limited to the band structure of MoS2 in the MoS2-
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based photodiodes. This study promotes SR measurements as an excellent tool to probe the electronic 
properties of novel 2D-materials. 
ACKNOWLEDGMENTS 
Support from the European Commission through an ERC starting grant (InteGraDe, 307311) as well as the 
German Research Foundation (DFG, LE 2440/1-1 and GRK 1564) is gratefully acknowledged. The authors 
would like to thank Dr. Heiko Schaefer-Eberwein (Univ. of Siegen) for SEM studies. GSD and CY 
acknowledge SFI under Contract No. 12/RC/2278 and PI_10/IN.1/I3030 and the European Union Seventh 
Framework Programme under grant agreement No. 604391 Graphene Flagship. 
REFERENCES 
[1] A. Rogalski, “Infrared detectors: status and trends,” Prog. Quantum Electron., vol. 27, no. 2–3, pp. 59–
210, 2003. 
[2] J. Clark and G. Lanzani, “Organic photonics for communications,” Nat. Photonics, vol. 4, no. 7, pp. 
438–446, Jul. 2010. 
[3] R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth, T. Stauber, N. M. R. Peres, and 
A. K. Geim, “Fine Structure Constant Defines Visual Transparency of Graphene,” Science, vol. 320, 
no. 5881, pp. 1308–1308, Jun. 2008. 
[4] Edward D. Palik, Handbook of Optical Constants of Solids, vol. 3. New York: Academic Press, 1998. 
[5] K. F. Mak, L. Ju, F. Wang, and T. F. Heinz, “Optical spectroscopy of graphene: From the far infrared 
to the ultraviolet,” Solid State Commun., vol. 152, no. 15, pp. 1341–1349, Aug. 2012. 
[6] F. Xia, T. Mueller, Y. Lin, A. Valdes-Garcia, and P. Avouris, “Ultrafast graphene photodetector,” Nat. 
Nanotechnol., vol. 4, no. 12, pp. 839–843, Dec. 2009. 
[7] T. Mueller, F. Xia, and P. Avouris, “Graphene photodetectors for high-speed optical communications,” 
Nat. Photonics, vol. 4, no. 5, pp. 297–301, May 2010. 
[8] D. Schall, D. Neumaier, M. Mohsin, B. Chmielak, J. Bolten, C. Porschatis, A. Prinzen, C. Matheisen, 
W. Kuebart, B. Junginger, W. Templ, A. L. Giesecke, and H. Kurz, “50 GBit/s Photodetectors Based 
on Wafer-Scale Graphene for Integrated Silicon Photonic Communication Systems,” ACS Photonics, 
Aug. 2014. 
14 
 
[9] X. Gan, R.-J. Shiue, Y. Gao, I. Meric, T. F. Heinz, K. Shepard, J. Hone, S. Assefa, and D. Englund, 
“Chip-integrated ultrafast graphene photodetector with high responsivity,” Nat. Photonics, vol. 7, no. 
11, pp. 883–887, Nov. 2013. 
[10] A. Pospischil, M. Humer, M. M. Furchi, D. Bachmann, R. Guider, T. Fromherz, and T. Mueller, 
“CMOS-compatible graphene photodetector covering all optical communication bands,” Nat. 
Photonics, vol. 7, no. 11, pp. 892–896, Nov. 2013. 
[11] X. Xu, N. M. Gabor, J. S. Alden, A. M. van der Zande, and P. L. McEuen, “Photo-Thermoelectric 
Effect at a Graphene Interface Junction,” Nano Lett., vol. 10, no. 2, pp. 562–566, Feb. 2010. 
[12] D. Sun, G. Aivazian, A. M. Jones, J. S. Ross, W. Yao, D. Cobden, and X. Xu, “Ultrafast hot-carrier-
dominated photocurrent in graphene,” Nat. Nanotechnol., vol. 7, no. 2, pp. 114–118, Feb. 2012. 
[13] J. Park, Y. H. Ahn, and C. Ruiz-Vargas, “Imaging of Photocurrent Generation and Collection in 
Single-Layer Graphene,” Nano Lett., vol. 9, no. 5, pp. 1742–1746, May 2009. 
[14] M. C. Lemme, F. H. L. Koppens, A. L. Falk, M. S. Rudner, H. Park, L. S. Levitov, and C. M. Marcus, 
“Gate-Activated Photoresponse in a Graphene p–n Junction,” Nano Lett., vol. 11, no. 10, pp. 4134–
4137, Oct. 2011. 
[15] F. Xia, T. Mueller, R. Golizadeh-Mojarad, M. Freitag, Y. Lin, J. Tsang, V. Perebeinos, and P. Avouris, 
“Photocurrent Imaging and Efficient Photon Detection in a Graphene Transistor,” Nano Lett., vol. 9, 
no. 3, pp. 1039–1044, Mar. 2009. 
[16] C.-H. Liu, N. M. Dissanayake, S. Lee, K. Lee, and Z. Zhong, “Evidence for Extraction of Photoexcited 
Hot Carriers from Graphene,” ACS Nano, vol. 6, no. 8, pp. 7172–7176, Aug. 2012. 
[17] N. M. Gabor, J. C. W. Song, Q. Ma, N. L. Nair, T. Taychatanapat, K. Watanabe, T. Taniguchi, L. S. 
Levitov, and P. Jarillo-Herrero, “Hot Carrier–Assisted Intrinsic Photoresponse in Graphene,” Science, 
vol. 334, no. 6056, pp. 648–652, Nov. 2011. 
[18] T. J. Echtermeyer, L. Britnell, P. K. Jasnos, A. Lombardo, R. V. Gorbachev, A. N. Grigorenko, A. K. 
Geim, A. C. Ferrari, and K. S. Novoselov, “Strong plasmonic enhancement of photovoltage in 
graphene,” Nat. Commun., vol. 2, p. 458, Aug. 2011. 
[19] Z. Fang, Z. Liu, Y. Wang, P. M. Ajayan, P. Nordlander, and N. J. Halas, “Graphene-Antenna 
Sandwich Photodetector,” Nano Lett., vol. 12, no. 7, pp. 3808–3813, Jul. 2012. 
[20] M. Engel, M. Steiner, A. Lombardo, A. C. Ferrari, H. v Löhneysen, P. Avouris, and R. Krupke, 
“Light–matter interaction in a microcavity-controlled graphene transistor,” Nat. Commun., vol. 3, p. 
906, Jun. 2012. 
15 
 
[21] M. Furchi, A. Urich, A. Pospischil, G. Lilley, K. Unterrainer, H. Detz, P. Klang, A. M. Andrews, W. 
Schrenk, G. Strasser, and T. Mueller, “Microcavity-Integrated Graphene Photodetector,” Nano Lett., 
vol. 12, no. 6, pp. 2773–2777, Jun. 2012. 
[22] K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, “Atomically Thin MoS_{2}: A New Direct-Gap 
Semiconductor,” Phys. Rev. Lett., vol. 105, no. 13, Sep. 2010. 
[23] F. H. L. Koppens, T. Mueller, P. Avouris, A. C. Ferrari, M. S. Vitiello, and M. Polini, “Photodetectors 
based on graphene, other two-dimensional materials and hybrid systems,” Nat. Nanotechnol., vol. 9, 
no. 10, pp. 780–793, Oct. 2014. 
[24] C. Yim, N. McEvoy, and G. S. Duesberg, “Characterization of graphene-silicon Schottky barrier 
diodes using impedance spectroscopy,” Appl. Phys. Lett., vol. 103, no. 19, p. 193106, Nov. 2013. 
[25] H.-Y. Kim, K. Lee, N. McEvoy, C. Yim, and G. S. Duesberg, “Chemically Modulated Graphene 
Diodes,” Nano Lett., vol. 13, no. 5, pp. 2182–2188, 2013. 
[26] C. Yim, M. O’Brien, N. McEvoy, S. Riazimehr, H. Schäfer-Eberwein, A. Bablich, R. Pawar, G. 
Iannaccone, C. Downing, G. Fiori, M. C. Lemme, and G. S. Duesberg, “Heterojunction Hybrid 
Devices from Vapor Phase Grown MoS2,” Sci. Rep., vol. 4, Jun. 2014. 
[27] S. Kataria, S. Wagner, J. Ruhkopf, A. Gahoi, H. Pandey, R. Bornemann, S. Vaziri, A. D. Smith, M. 
Ostling, and M. C. Lemme, “Chemical vapor deposited graphene: From synthesis to applications,” 
Phys. Status Solidi A, vol. 211, no. 11, pp. 2439–2449, Nov. 2014. 
[28] P. Blake, P. D. Brimicombe, R. R. Nair, T. J. Booth, D. Jiang, F. Schedin, L. A. Ponomarenko, S. V. 
Morozov, H. F. Gleeson, E. W. Hill, A. K. Geim, and K. S. Novoselov, “Graphene-Based Liquid 
Crystal Device,” Nano Lett., vol. 8, no. 6, pp. 1704–1708, 2008. 
[29] O. Kazakova, T. L. Burnett, J. Patten, L. Yang, and R. Yakimova, “Epitaxial graphene on SiC(0001): 
functional electrical microscopy studies and effect of atmosphere,” Nanotechnology, vol. 24, no. 21, p. 
215702, May 2013. 
[30] Donald A.Neamen, Semiconductor Physics and Devices  : Basic Principles, Third. Mc Grow-Hill, 
2013. 
[31] S. K. Cheung and N. W. Cheung, “Extraction of Schottky diode parameters from forward current-­‐
voltage characteristics,” Appl. Phys. Lett., vol. 49, no. 2, pp. 85–87, Jul. 1986. 
[32] X. An, F. Liu, Y. J. Jung, and S. Kar, “Tunable Graphene–Silicon Heterojunctions for Ultrasensitive 
Photodetection,” Nano Lett., vol. 13, no. 3, pp. 909–916, 2013. 
16 
 
[33] X. Miao, S. Tongay, M. K. Petterson, K. Berke, A. G. Rinzler, B. R. Appleton, and A. F. Hebard, 
“High Efficiency Graphene Solar Cells by Chemical Doping,” Nano Lett., vol. 12, no. 6, pp. 2745–
2750, Jun. 2012. 
[34] P. Avouris and M. Freitag, “Graphene Photonics, Plasmonics, and Optoelectronics,” IEEE J. Sel. Top. 
Quantum Electron., vol. 20, no. 1, pp. 72–83, Jan. 2014. 
[35] W. Choi, M. Y. Cho, A. Konar, J. H. Lee, G.-B. Cha, S. C. Hong, S. Kim, J. Kim, D. Jena, J. Joo, and 
S. Kim, “Phototransistors: High-Detectivity Multilayer MoS2 Phototransistors with Spectral Response 
from Ultraviolet to Infrared (Adv. Mater. 43/2012),” Adv. Mater., vol. 24, no. 43, pp. 5902–5902, 
2012. 
[36] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and A. Kis, “Single-layer MoS2 transistors,” 
Nat. Nanotechnol., vol. 6, no. 3, pp. 147–150, Mar. 2011. 
	  
